Occupational and Environmental Health, Nagoya University Graduate School of MedicineIdiosyncratic generalized skin disorders complicated b y h e p a t i t i s , w h i c h r e s e m b l e s e v e r e d r u g hypersensitivities, occur sporadically in workers exposed to trichloroethylene (TCE) in China. However, it has been a matter of controversy whether the solvent itself, not its impurities or stabilizers, can cause hypersensitivity reactions or not. This study aimed to characterize the exposure of hospitalized patients and their healthy colleagues. TCE metabolites were measured in urine of 19 hospitalized patients suffering from the disorders. To assess the exposure of patients' healthy colleagues, on-site surveys were conducted in 6 factories where the disorders occurred and in 2 control factories without such occurrences despite TCE use. Urinalysis of the patients detected trichloroacetic acid (TCA) in all of them. Its average concentration in the end-of-shift urine was estimated to be 206 mg/l. On-site survey of healthy exposed workers revealed that the maximum urinary TCA concentrations and the maximum time-weighted average concentrations of personal TCE exposure were 318-1,617 mg/l and 164-2,330 mg/m 3 , respectively. There was no common impurity in TCE used in the factories. These results suggested that TCE itself caused the skin hypersensitivity disorders, and that the disorders occurred in factories where TCE metabolites could be extensively accumulated, possibly due to long working hours. Since the lowest TCA concentration in the endof-shift urine of the patients was estimated to be 72-80 mg/l, it is recommended to control TCE exposure to keep the urinary TCA concentration below 50 mg/l to reduce the disease risk. (J Occup Health 2008; 50: 328-338) 
Skin problems, mostly irritant contact dermatitis, are one of the common occupational health issues for organic solvent users, and are primarily attributable to the local defatting action of the solvent; i.e. dissolution of the skin surface lipids, the lipid material in the stratum corneum, and the fatty fraction of the cell membranes 1) . However, idiosyncratic generalized skin disorders complicated by h e p a t i t i s , w h i c h i s s i m i l a r t o s e r i o u s d r u g hypersensitivities, have also sporadically occurred in populations occupationally exposed to trichloroethylene (TCE) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The number of patients suffering from these disorders has been increasing in Asia, i.e., The Philippines, Singapore, Taiwan and China since the 1990s 12, 13) . Especially in Guangdong Province, in the southern part of China, more than 230 cases were registered from 1988 through 2006 regardless of the extensive efforts made by local government occupational health services.
The disorders are classified into 4 types according to their skin manifestations, exfoliative dermatitis (ED), erythema multiforme (EM), Stevens-Johnson syndrome (SJS), and toxic epidermal necrolysis (TEN) 9, 11) , which have two distinctive features from the viewpoint of solvent-induced health effects: individual susceptibility in the development of the disorders, and the reactivation of human herpesvirus 6.
First, the duration from commencement of TCE exposure to disease occurrence is about 2-5 wk, usually not more than 73 days 12) , with an average duration of about 1 month in Chinese cases 11, 14) . If a worker does not suffer from the disorders by the end of the 3rd month after the start of exposure, he/she is not susceptible. The incidence of the disorders in Guangdong Province is estimated to be less than 1 case per one hundred exposed workers 9) , and recently, human leukocyte antigen (HLA)-B*1301 and HLA-B*44 were identified as markers of individual susceptibility with an odds ratio of 36.8 in the patient group for having either of the HLA loci 15) . This is a finding analogous to carbamazepine-induced SJS/ TEN and allopurinol-induced severe cutaneous adverse reactions in which their strong associations with HLA-B*1502 16) and HLA-B*5801 17) , respectively, were reported. The second feature of the skin disorders is that human herpesvirus 6, the causative virus of exanthema subitum during infancy [18] [19] [20] , can be reactivated 11) , as also reported in patients with drug-induced hypersensitivity syndrome [21] [22] [23] [24] [25] [26] . The above findings are in clear contrast to those of typical solvent intoxications, and it is a matter of controversy whether or not TCE itself, not its impurities or stabilizers, causes the hypersensitivity reactions. Thus, the characterization of TCE exposure is essential to establish the notion that exposure to TCE can be a cause of hypersensitivity skin disorders. However, detailed information regarding TCE exposure is scarce. In order to elucidate the requisite exposure to induce such skin disorders, a comprehensive exposure assessment along with measurements of urinary TCE metabolites in patients was conducted at workplaces where such disorders had occurred. The results should provide a clue to establish preventive measures of this atypical TCE toxicity in the population at risk.
Materials and Methods
This study protocol was approved by the Ethics Committee of Nagoya University Graduate School of Medicine. All the study participants gave their written consent in accordance with the Declaration of Helsinki.
Biological monitoring of TCA metabolites in patients
Urinary TCA metabolites, i.e. trichloroacetic acid (TCA) and trichloroethanol (TCEtOH) were measured in patients with hypersensitivity skin disorders associated with TCE exposure hospitalized during 2002. Of these 25 patients, given that the biological half-life of urinary TCA is 50-100 h 27, 28) , 19 patients whose urine, taken within 15 d after the last TCE exposure, was available were included in the study. The patient profiles are as follows: 12 ED, 4 EM, 2 SJS and 1 TEN patients, 3 males and 16 females, 23.3 ± 6.2 yr old; exposure duration until disease onset 26.7 ± 9.0 days; AST and ALT on the day of hospitalization 390 ± 352 IU/l and 521 ± 365 IU/l, respectively; all of them were non-drinkers; and duration until urine collection after being away from work was 8.4 ± 4.3 (range 3-15) days (Mean ± SD). Methyl derivatization of both TCA and TCEtOH was achieved by adding 0.6 ml of esterification solution (distilled water : sulfuric acid : methanol=6:5:1) to 0.1 ml urine followed by sample heating at 80°C for 60 min. Then the metabolites were quantified with a headspace gas chromatograph with an electron capture detector (6890 Series, Agilent Technologies, USA) equipped with a 15 m × 0.25 mm i.d. capillary column J&W DB-WAX (Agilent Technologies, USA). The temperatures of the injector, column oven, and detector were 180, 130 and 200°C, respectively. This analysis was conducted by Mitsubishi Chemical Medience, Inc. (Tokyo, Japan).
Cross-sectional exposure survey by means of factory visit
The survey was conducted in December 2002 and November 2003 in Baoan District, Shenzhen City, Guangdong Province, China. The district covered 733 km 2 , and had 6,973 factories with 1.18 million workers in 2003. In 274 of those factories, 1,316 workers were exposed to TCE as a degreasing solvent. In the study in 2002, four factories (factory A-D) where the disorders had occurred in the same year were selected (Table 1 ). Three to 6 healthy workers engaged in the same work as the patients (factory A-1, B-1, C-1, D-1) and 2 control workers not directly exposed to TCE (factory A-2, B-2, C-2, D-2) were recruited in each factory. During their shift they wore diffusion samplers packed with activated charcoal (passive gas tube for organic solvents, Sibata Scientific Technology, Japan) on the collar, just under the mouth, to measure personal exposure concentrations of volatile organic compounds (VOCs). They also provided urine at the end of their shift for measurements of TCA and TCEtOH concentrations, which were quantified as described above. In addition to measurements of personal exposure concentration, worksite airborne concentrations of TCE were also measured with detector tubes (type 134SA, 134SB, Komyo Rikagaku Kogyo, Japan).
In the survey conducted in 2003, this procedure was repeated daily for 7 consecutive days. In this survey, in addition to 2 factories where disorders occurred in 2003 (factory E, F), two control factories without disorder occurrence for at least the last 3 yr (factory G, H) were also included (Table 1 ). In addition to personal exposure assessment and measurements with detector tubes for TCE and phosgene (type 146S, Komyo Rikagaku Kogyo), active VOC sampling for about 8 h at the position where workers stayed most of the time was performed with activated charcoal tubes (Type JUMBO, Sibata, Japan) at an air-sampling rate of 1.0 l/min.
VOC analyses
The collected VOCs were extracted with carbon disulfide and determined by a gas chromatograph with a mass spectrometer (GC-MS) (5890 Series II/5971A, Agilent Technologies, USA) as reported previously 29) . The analysis was performed under selected-ion monitoring mode targeting 16 VOCs. Their maximum detection limits were 0.3 mg/m 3 for n-butanol, 0.2 mg/ m 3 for methyl ethyl ketone, 0.1 mg/m 3 for hexane, xylene, ethyl acetate and butyl acetate, and less than 0.1 mg/m 3 for benzene, styrene, 1,2-dichloroethane, carbon tetrachloride, p-dichlorobenzene, toluene, TCE, t e t r a c h l o r o e t h y l e n e , c h l o r o f o r m , a n d 1 , 1 , 1 -trichloroethane. When a measured concentration was below the detection limit, half the detection limit value was used for calculating a mean and a standard deviation. Analyses with scan monitoring mode were also conducted on at least one worker in each factory on each survey day to detect all the major VOCs which were not quantified.
Analyses of TCE products and metals workers had skin contact with on their factory lines
VOC constituents of TCE products before and after use in factories A-D were analyzed by the GC-MS. In addition, metal constituents of the solvent contaminants and those of the factory products were analyzed, since TCE used as a degreasing solvent could contain metal contaminants which might induce skin allergic reactions. Ten milliliters of 10 N nitric acid were added to the 3-15 ml of solvent and heated on a hot plate to dryness. The residue was dissolved in 1 ml of 10 N nitric acid, to which 1 or 2 drops of 6 N hydrochloric acid were added before it was heated again. Then, distilled water was added to the solution, which was used for metal analysis with atomic absorption spectrometry and inductively coupled plasma emission spectroscopy. After qualitative analysis for 35 metal elements (Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Ge, In, K, Li, Mg, Na, Nb, Ni, Pb, Sb, Sc, Se, Si, Sn, Sr, Te, Ti, Tl, W, Y, Zn), quantitative analysis was performed for the detected metal elements. As for the metal elements of factory products, samples from factories A, B and C were immersed in concentrated nitric acid, to which concentrated hydrochloric acid was added, and then left for 1 day. After that, the samples were heated up on a hot plate, followed by dilution with distilled water, and were analyzed with atomic absorption spectrometry and inductively coupled plasma emission spectroscopy.
Results

Urinary TCA concentrations of patients suffering from generalized hypersensitivity skin disorders
TCA was detected in all the patients' urine samples, and its concentrations are shown in Fig. 1 . Since the duration from the last TCE exposure to urine collection was not the same among all patients, the average TCA concentration on their last working day was estimated by regression analysis based on the assumption that the half-life of TCA was the same among the patients. The intercept of the regression line was 206 mg/l (95% confidence interval 78-542 mg/l ). Average concentrations of urinary TCEtOH and total trichlorocompounds on the last working day were not estimated because the biological half-life of TCEtOH, 12-26 h 27, 28, [30] [31] [32] , is much shorter than that of TCA.
Measurements of VOC concentrations
Time-weighted average (TWA) concentrations of personal VOC exposure on the factory lines where TCE was used are shown in Table 2 . TCE was detected at the highest concentrations among the measured VOCs with the maximum TWA concentrations 164-2,330 mg/m 3 (30-431 ppm) in factories A-F where the disorders had a All the workers on the line were surveyed. b Surveyed workers were selected on the basis that his/her exposure was considered to be the same as patients' or others' exposure at the worksite. c Full partitions were installed before the survey to isolate the degreasing machine. BDL, below the detection limit; TCA, trichloroacetic acid; TCEtOH, trichloroethanol.
occurred. In factories with no patients for at least the last 3 yr, the maximum personal TWA TCE concentration in factory H, 74.9 mg/m 3 (14 ppm), was lower than those on the lines with patient occurrences in factories A-F, while that in factory G, 1,803 mg/m 3 (334 ppm), was comparable to them. Scan mode analysis also confirmed that TCE was the only VOC for which the concentration was apparently within the ppm range in all the factories where the disorders had occurred, though hexane, dodecane, tetradecane or hexadecane were detected in some factories at relatively higher concentrations than other VOCs except for TCE.
Environmental (60-80 ppm) above degreasing tanks after immersing metal parts into the tanks in factories A, E (Fig. 2c ), F, G and H. In factory F, workers were intermittently exposed to more than 1,620 mg/m 3 (300 ppm) TCE even outside the workshop during the short duration of immersing products into a TCE bath (Fig. 2d) . Measurements with detector tubes failed to detect any phosgene at all the work sites, even just above a degreasing tank.
Biological monitoring of TCE metabolites in workers not suffering from skin hypersensitivity disorders (Table 2)
Average concentrations of urinary TCA and TCEtOH exceeded 100 mg/l on the factory lines where these disorders appeared except in factory B (B-1 in Table 2 ) where the degreasing machine was fully partitioned off from the workers after the disorder occurrences. As for control factories, the concentrations in factory H were less than half the concentrations in factories A (A-1), C (C-1), D (D-1), E and F, while in factory G the TCA and TCEtOH concentrations were comparable to those in factories where the disorders appeared. Figures 2e and  2f show the relationship between airborne TCE concentrations and urinary TCA or TCEtOH concentrations. It can be seen that some workers had accumulated urinary metabolites or extensive TCE exposure. Some workers exhibited higher metabolite concentrations than expected given the low personal TWA exposure concentrations in the air. For example, in one worker in factory E, the airborne TWA-TCE, urinary TCA and TCEtOH concentrations were 22.4 mg/m 3 (4 ppm), 86.1 mg/l, and 59.8 mg/l, respectively, and in another worker in factory H, they were 23.7 mg/m 3 (4 ppm), 136 mg/l, and 103 mg/l, respectively (Figs. 2e and 2f) . Monitoring of the metabolite levels for 7 consecutive days in factories E-H in the 2003 survey revealed the highest urinary TCA concentrations in some workers on the first day of the factory visit, followed by a rapid decrease in the metabolite concentrations during the study period (Fig. 3) . In factory F (Fig. 3b) , the decrease was not related to days-off because no workers had time off during the studied week. In contrast, the decrease observed between Saturday and Sunday in factory G (Fig. 3c) resulted from no TCE exposure because Sunday was a day off. A similar course was also observed for TCEtOH (data not shown).
Analyses of TCE products and metals workers had skin contact with on their factory lines
GC-MS analyses of the solvent used in factories A-D revealed no common constituent except for TCE. Butylene oxide, an acid acceptor as a stabilizer, was detected in the TCE used in factories B, C and D, but not in factory A. Dodecane, tetradecane and hexadecane were not detected in the solvents (data not shown). In addition, there were no common metal contaminants in the solvents used in factories A-F overall (Table 3) . Ratios of metal contaminants in the solvents after use in factories C, E and G were equivalent to those of austenitic stainless steels, Fe : Cr : Ni : Mo = 100 : 18 : 12 : 2 (Fe-18Cr-12Ni-2Mo).
Analyses of metals revealed Fe, Cr, Cu, Mn and Ni were common to metal products in all 3 factories investigated (factory A-C), but not common to solvents. A metal product sampled in factory A showed Al as a major constituent and Cr, Cu, Fe, Mn, Ni and Zn as minor ones. Major and minor constituents of 2 metal products in factory B were Fe and Al, Cr, Cu, Mn, Ni, Zn for one sample, and Al and Cu, Fe, Mn, Ni, Zn for the other. Two other products sampled in Factories B and C were both austenitic stainless steels which contained Co, Cu and Mn as minor constituents.
Discussion
Since only limited information is available on the exposure of patients suffering from the TCE-related generalized skin disorders complicated by hepatitis, which is similar to drug hypersensitivities, it is a matter of debate 1) whether TCE itself is a cause of hypersensitivity disorders or not, and if it is, 2) the concentration of TCE exposure that would induce the disorders 13) . To our knowledge, this is the first epidemiological study Relationship between time-weighted average (TWA) concentrations of personal TCE exposure and (2e) urinary trichloroacetic acid or (2f) trichloroethanol concentrations. Each plot denotes a measurement of a single worker (n=59) conducted on the first day of the factory visit as a rule. All the studied subjects were included regardless of whether or not TCE was used in their work.
comprehensively assessing personal exposure to address these issues. Regarding the first question, the notion that TCE itself could be a cause of hypersensitivity skin disorders was established on the following three bases. First, TCA was detected in all the available urine of the patients hospitalized between 2002 and 2005, though only the data for 2002 are shown. Next, the role of exposures other than TCE, i.e. medications 9, 11) , solvent contaminants, stabilizers, and metals, in the development of the skin disorders was ruled out. Third, TCE induces delayed-type hypersensitivity skin reactions and immunemediated liver injury in guinea pig maximization tests at doses below those inducing acute toxic liver injury. The histopathological phenotypes of an immune-mediated response are characterized by diffuse ballooning changes of the hepatocytes, which was different from evident fatty degeneration, sinusoid dilation and inflammatory cell infiltration observed in acute toxic responses 33) . As for the second question, the average urinary TCA concentration of the patients at the end of their shift was estimated to be 206 mg/l with a 95% confidence interval of 78-542 mg/l. The lowest concentration estimated from the minimum TCA concentration in patients' urine taken 3 or 7 days after the last shift (30.4 or 10.6 mg/l, respectively) and from the reported biological half-life 57.6 h 31) was 72-80 mg/l. This estimated value is higher than 50 mg/l, an occupational exposure limit based on biological monitoring (OEL-B) in Japan, which is equivalent to a TWA airborne concentration standard, OEL-mean (OEL-M) 135 mg/m 3 (25 ppm), on the assumption that urine is taken within 2 h prior to the end of shift at the end of the work week 34) . This suggests that exposure control following OEL-B in Japan might be necessary to prevent the occurrence of TCE-induced hypersensitivity skin disorders. On the other hand, the maximum urinary TCA concentrations and the maximum TWA concentrations of personal exposure in healthy workers in each factory, excluding factory B, were 318-1,617 mg/l and 164-2,330 mg/m 3 (30-431 ppm), respectively. It is apparent that the concentration ranges of the patients and the healthy workers widely overlap.
In China, a permissible concentration-TWA (PC-TWA) of TCE (GBZ2-2002), defined as an average concentration for a conventional 8-h workday, is 30 mg/ m 3 (5.6 ppm). It was reported that the environmental TCE concentrations in the workshops where the disorders developed were in a wide range of 3.85-4,085 mg/m 3 (0.7 ppm-756 ppm) with an average of 268.5 mg/m 3 (50 ppm) for 57 cases identified between 1993-2001 35, 36) . Nine workshops (15.8%) out of 57 had levels below 30 mg/m 3 (5.6 ppm) 35) , and the average workshop concentration for one patient engaged in packing products was 5.8 mg/m 3 (1 ppm) [range 3.3-8.3 mg/m 3 (0.6-1.5 ppm)] 37) . Thus, it is likely that the disorders could occur in workshops where the environmental TCE concentrations were below the PC-TWA. In the present study, however, urinary TCA and TCEtOH concentrations of a worker exposed to 23.7 mg/m 3 (4 ppm) TCE as TWA concentration in factory H were revealed to be 136 mg/l and 103 mg/l, respectively. The finding indicates that the exposure might be underestimated if it was determined based only on the airborne TCE concentration on the day of the factory visit. Recently, the threshold limit value-TWA (TLV-TWA) and TLV-short term exposure limit (TLV-STEL) of TCE in the US were decreased from 270 mg/m 3 (50 ppm) and 540 mg/m 3 (100 ppm) to 54 mg/m 3 (10 ppm) and 135 mg/m 3 (25 ppm), respectively, to protect against its central nervous system effects as well as other potential effects including renal toxicity and cancer 38) . In Japan, the OEL-M [135 mg/m 3 (25 ppm)] is set on almost the same basis, and the OEL-B is 150 mg/l, 100 mg/l, and 50 mg/l for total trichlorocompounds, TCEtOH, and TCA, respectively 34) . In order to verify the current exposure standards from the viewpoint of preventing hypersensitivity skin disorders, the dose-response relationship of the disorders based on the biological monitoring approach needs to be investigated further in a prospective cohort design.
The disorders occurred in factories where TCE metabolites could be extensively accumulated. Such accumulation of metabolites which have long biological half-lives, especially TCA, would have resulted from long working hours as shown in Table 2 , i.e. 8-15 h a day without weekends off during a whole month. However, when we conducted a 7-day survey in selected workplaces to monitor increasing urinary metabolites, we saw a rapid decrease of the metabolite concentrations in some workers during the study period. The results were contrary to our expectations, and we consider them to be an intervention effect; our everyday worksite visit likely made workers handle TCE with care. It was thus suggested that education to enforce better occupational hygiene practices would serve to reduce urinary metabolites.
At present, although the HLA loci and human herpesvirus 6 reactivation are likely to play roles under TCE exposure, the mechanism of the delayed hypersensitivity by which the TCE-induced generalized skin disorders develop is not yet fully understood. Clusters of disorder occurrences in a workshop within a year, even within a half month in some cases, have been reported from several countries so far 12, 13, 37) . This cannot be explained solely by a dose-response relationship, differences in individual susceptibility, or reactivation of the latent viruses. Therefore, further studies are necessary.
In conclusion, considering the findings obtained in the present study, a sensitizer notation is necessary for the occupational hygiene standards of TCE, and it is also recommended that the exposure be controlled so as to keep the urinary TCA concentration below 50 mg/l in the end-of-shift urine in order to reduce the risk of hypersensitivity skin disorders.
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